Introduction
============

Potato tuber formation is the result of interplay between environmental cues and endogenous signals. In many potato species, short photoperiods promote the initiation of potato tuber organogenesis whereas high night temperatures and high nitrogen levels have an inhibiting effect ([@CIT0016]; [@CIT0008]; [@CIT0011]). Under favourable environmental conditions, a graft-transmissible signal is produced in the leaves and transported to the stolon where it induces tuber formation ([@CIT0015]). This graft-transmissible signal has recently been identified to be an FT-like protein, encoded by an *FT*orthologue in potato called *StSP6A* ([@CIT0033]). Several plant hormones have been implicated in tuber initiation; in particular gibberellic acid (GA) was shown to have a strong inhibiting effect, and degradation of active GAs in the stolon tip at tuber formation is important for tuberization to proceed normally ([@CIT0011]; [@CIT0004]; [@CIT0021]). Abscisic acid (ABA) has been shown to have a promoting effect on tuberization when applied exogenously and may act antagonistically to GA (Xu*et al*., 1998*a*). Application of a cytokinin (zeatin riboside) to an *in vitro* tuberization experiment resulted in an increase in tuber formation ([@CIT0031]). Moreover, potato plants expressing the cytokinin biosynthesis gene *ipt* yielded more tubers, but with reduced tuber weight and nitrogen content ([@CIT0043]). Xu*et al*. (1998*a*) reported that when auxin was applied to single nodal *in vitro* potato explants, an earlier tuberization phenotype was observed with sessile and slightly smaller tubers. These findings suggest a role for auxin in tuber formation. However, the precise mode of action for auxin in conjunction with other plant hormones in stolons has not been established, partly due to lack of knowledge on auxin concentrations in the stolon. A microarray-based expression study provided additional data to support an important role for auxin in tuber development. Many auxin-related genes are differentially expressed during early tuber developmental stages. Genes involved in auxin transport (*PIN* gene family), auxin response factors (*ARF*), and *Aux/IAA* genes exhibited differential expression profiles ([@CIT0020]). The *ARF*6 gene was found to have high expression prior to visible swelling, followed by down-regulation during subsequent tuber growth ([@CIT0012]).

Auxin has been shown to play a key role in many different aspects in plant architecture, such as lateral root formation ([@CIT0029]), embryogenesis ([@CIT0028]), and flower development ([@CIT0024]). Tuber organogenesis is divided into three stages, tuber induction, tuber initiation, and tuber growth ([@CIT0011]). During the stage of tuber initiation, changes in the plane of cell division occur in the region of the stolon that will give rise to the young tuber through swelling ([@CIT0046]). Auxin is produced in plants by at least two different metabolic routes, a tryptophan-dependent and a tryptophan-independent pathway (reviewed in [@CIT0025]). Although these pathways are not yet fully understood, several biosynthetic genes have been identified, such as the *YUCCA* gene family ([@CIT0041]; [@CIT0048]; [@CIT0006]). Recently, YUC proteins were identified as catalysing a rate-limiting step in the main indole-3-acetic acid (IAA) biosynthesis pathway in *Arabidopsis* ([@CIT0030]). Shoot apical meristems (SAMs) are the main sites of auxin biosynthesis, along with cotyledons, expanding leaves, and root tissues ([@CIT0026]). Specific subcellular localization of auxin influx and efflux carriers modulates the transport directionality ([@CIT0005]; [@CIT0013]). Auxin transport inhibitors, such as 2,3,5-triiodobenzoic acid (TIBA), which interrupt the constitutive cycling of the PIN proteins between the plasma membrane and the endosomes, interfere with directional auxin transport, and have been essential tools in formulating the concept of asymmetrical auxin distribution ([@CIT0009]). In addition to polar auxin transport inhibitors, auxin antagonists such as α-(phenylethyl-2-one)-IAA (PEO-IAA), competing for the same binding site as auxin, has been used to unravel the role of auxin in various developmental procedures, such as root node development ([@CIT0001]) and the gravitropic response ([@CIT0034]).

Studies on plant stem architecture have led to a model that describes the principles of shoot branching (reviewed in [@CIT0010]). Two key players in the model are auxin and strigolactones (SLs) ([@CIT0007]; [@CIT0002]; [@CIT0014]; [@CIT0038]). Auxin was the first plant hormone shown to have an inhibitory effect on shoot branching ([@CIT0040]), through the establishment of polar auxin transport ([@CIT0013]). SLs have recently been identified as the secondary signal that, in concert with auxin, appears to regulate shoot branching ([@CIT0014]). Moreover, SLs have been detected in root exudates and extracts of several  plant species including *Arabidopsis* and tomato (López-Ráez  *et al*., 2008; Kohlen et al. 2011). It has been proposed that SLs act either directly on axillary bud outgrowth or indirectly via dampening of auxin transport and canalization of auxin from the buds ([@CIT0003]; Prusinkiewicz*et al*., 2009).

In this study, auxin concentrations were determined during early tuberization events in potato plants *in vivo*, in parts of the stolon and in parts of the stem. Furthermore, the impact of auxin, synthetic strigolactone (GR24) and inhibitors of auxin transport and perception on tuber formation was examined using a modified *in vitro* tuberization approach. Based on these results, a similar system of apical dominance in underground stolons to that described for shoots is proposed.

Materials and methods
=====================

Plant materials and in vitro tuberization
-----------------------------------------

Single-node cuttings from short-day (SD)-grown potato plants (*Solanum tuberosum* L. var Bintje) were propagated *in vitro*, on standard Murashige and Skoog (MS) medium ([@CIT0032]) with 2% (w/v) sucrose. Potato plantlets were grown for 4 weeks prior to harvesting single-node explants. After 10--12 d of growth in the dark on 2% sucrose MS medium with 1 mg l^-1^ benzylaminopurine (BAP), the explants formed etiolated shoots/stolons which were transferred to Petri dishes containing different tuberization media and kept in the dark at 18 °C. Explants with stolons were placed into Petri dishes containing dual media based on KI medium (Hendriks*et al*., 1991). Media supplemented with the compounds under investigation were applied to the base of the explants or to the stolon tip ([Fig. 4](#F4){ref-type="fig"}, inset). The final concentrations of the studied compounds were: 80 µM TIBA, 1 µM PEO-IAA, 1 µM IAA, and 5µM GR24. BAP, IAA, and TIBA were purchased from Sigma. PEO-IAA ([@CIT0017]) was a kind gift from Dr Kenichiro Hayashi. The explants for each treatment were divided into four groups of two Petri dishes each, with six explants in each Petri dish (total 48 explants per treatment). The number of explants producing tubers was monitored for a period of 39 d.

![Comparison of *in vitro* tuberization frequency between the ablated and not ablated stolon tips exposed to various treatments  (A--D). In all panels, the *y*-axis (labelled 'Nr') represents the number of explants, and the *x*-axis (labelled 'Days') represents the days under tuber-inducing conditions. (A) The effect of stolon tip ablation on the production of *in vitro* tubers. (B) Effect of the application of 1 µM auxin on ablated stolon tips where explants were either transferred to fresh medium after 19 d (IAA B) or remained on the same medium throughout the experimental period (IAA A). The controls (black graph) were explants with ablated tips without hormone treatment. (C) Numbers of explants that produced tubers after applying TIBA and the IAA antagonist PEO-IAA. The controls are the same as in B. (D) The effect of GR24 on *in vitro* tuberization efficiency. In all cases, error bars represent the standard error of the mean of four replicated measurements. The insets are diagrammatic representations of the location of treatment application, and the ablation of the stolon (dotted line). (This figure is available in colour at *JXB* online.)](EXBOTJ_ers132_F0004){#F4}

Detection of strigolactones in potato roots
-------------------------------------------

*Solanum tuberosum*L. var. Karnico, Bintje and *S. tuberosum* group *andigena* were grown *in vitro* for 20--30 d and then transferred to an aeroponic system (Nutricolture Co. UK) on Hoagland's solution, as previously described ([@CIT0027]). After 24 d of growth, the plants were exposed to phosphate starvation as described for tomato ([@CIT0027]). Seven days after the phosphate starvation, roots were harvested for extraction of SLs. The extraction of SLs and the liquid chromatography--tandem mass spectrometry (LC-MS/MS) analysis were performed as described previously ([@CIT0027]).

Assessment of auxin concentrations
----------------------------------

Potato plants (*S. tuberosum* group *andigena*) were propagated *in vitro* and grown for 2.5 weeks in MS20 before being transferred to soil-filled pots in the greenhouse. After 9 weeks, the shoot apex, middle, and basal internode stem segments, the stolon region 1 cm below the apex \[subswelling region (SSR)\], and the stolon apical meristem (STAM) were harvested and immediately frozen in liquid nitrogen (day 0). The remaining plants were then transferred to SD conditions (8 h light). The same set of plant tissues was harvested 5, 16, and 26 d after the switch to SD conditions. Fully matured tubers were harvested 8 weeks after switch to SD conditions, and samples of the tuber apex, heel, pith, and the perimedullary region were collected. For all samples, two biological repeats were collected and tissues from five different plants were pooled for each repeat, except for the stolon tip on day 5 where only one biological repeat was collected due to low sample weight. All samples were ground to a fine powder and stored at --80 °C. The auxin extraction was performed starting with 200--250 mg of ground material. A 1 ml aliquot of MeOH with labelled auxin (IAA-IS; 0.1 nmol ml^-1^ in a sample a 0.5 nmol ml^-1^) was added and samples were briefly vortexed. The samples were then sonicated for 10 min. After sonification, the samples were placed in a shaker (\~150 rpm) in a cold room (4° C) for 1 h. The samples were then centrifuged at 2000 rpm for 10 min and the supernatant was transferred to a 4 ml glass vial. Extraction was repeated with 1 ml of MeOH without IAA-IS, shaken for 1 h in a cold room, centrifuged, and the supernatants of the same sample were pooled. The columns (Solid Phase Extraction cartridges, Grace Davison Discovery Sciences) were placed on a Solid Phase Extraction Apparatus and pre-equilibrated by applying in order: 5 ml of hexane, 5 ml of acetonitrile, 5 ml of deionized water, and 5 ml of imidazole buffer. The sample was applied on the column and washed by applying the following in this order: 5 ml of hexane, 5 ml of ethyl acetate, 5 ml of acetonitrile, and 5 ml of methanol. The samples were eluted with 4 ml of 98% methanol and 2% acetic acid. Solvents were evaporated in a speedvac. The samples were finally eluted in 200 µl of acetonitrile:H~2~O:formic acid, 25:75:0.1 and filtered in vials using a RC4 Minisart 0.2 µm filter. The LC-MS/MS analysis was performed as described in [@CIT0039]).

DR5::GUS transgenic plants and GUS staining
-------------------------------------------

Transgenic plants harbouring the DR5::GUS ([@CIT0044]) and the promoter from a potato PINgene fused to the β-glucuronidase (GUS) reporter (p*StPINV*::GUS) were obtained by *Agrobacterium*-mediated transformation of *S. andigena*. *StPINV* is apotato PIN gene located on chromosome 5 (genome sequence coordinates PGSC0003DMB000000051: 1580317--1584014 V.3.0), previously found to be expressed during early stages of tuber initiation ([@CIT0020]). A region of 1310 bp upstream of the translational start site of *StPINV* was used to drive the GUS gene expression in the p*StPINV*::GUS construct. The GUS staining assays were done as described previously ([@CIT0042]). The incubation of the tissues in the GUS substrate X-Gluc was performed overnight at 37 °C. The tissues were washed with 70% ethanol prior to imaging.

Quantitative RT-PCR
-------------------

*Solanum tuberosum* L. group *andigena* plants were grown in the greenhouse, and transferred to SD conditions to induce tuberization. Stolon tips were harvested at day 0 (switch to SD), 2, 4, 6, and 8. RNA was extracted using the Qiagen RNaesy Plant mini kit and DNase I treated. cDNA synthesis was performed using a Bio-Rad iScript cDNA synthesis kit, and qRT-PCR was performed using the Bio-Rad cycler. As a reference gene, eIF3e was used (forward primer seq GGAGCACAGGAGGAAGATGAAGGAG, reverse primer seq CGTTGGTGAATGCGGCAGGAAGGAG). A StYUC-like1 (GenBank accession number JN935396) gene expression study was performed with the following primers: forward primer seq TGTTTTGGACATTGGTGCAT, reverse primer seq AACGGTGCCACATGAAAACT.

Auxin transport assays
----------------------

Polar auxin transport was measured as previously described ([@CIT0035]), with some modifications. Stolon tips were cut into 25 mm pieces, put into 1 ml brown glass vials, and incubated at either the proximal or distal end with 200 µl of quarter strength Hoagland medium containing ^14^C-labelled IAA (American Radiolabeled Chemicals Inc., St Louis, MO, USA), with or without 2.5 µM naphthylphthalamic acid (NPA), for 18 h at room temperature. The final concentration of IAA was adjusted to 1 µM (0.2 nCi ml^-1^). For comparable access, the tip at the distal end (0.5 mm) was removed before introduction to the radioactive medium. The 5 mm end not in direct contact with the radioactive medium was incubated at 50 °C for 2 h using 0.5 ml of Lumasolve (Lumac Systems AG, Basel, Switzerland) and the radioactivity was counted in 4 ml of Ultima Gold™ (PerkinElmer Life Sciences, Inc., Boston, MA, USA) using a tri-carb 2100TR liquid scintillation counter (PerkinElmer Life Sciences, Inc.).

Results
=======

Auxin measurement in potato plants under inductive and non-inductive conditions
-------------------------------------------------------------------------------

The concentration of the free auxin (IAA) was measured in *in vivo*plants at different time points after a switch from long-day (LD, non-inductive) to SD conditions (inductive). Under non-inductive LD conditions, the IAA concentration increased from the apex to the lower parts of the plant ([Fig. 1A](#F1){ref-type="fig"}). Average IAA concentrations of 560, 2510, and 3250 pmol of IAA g-^1^ fresh weight (FW) were measured for the shoot apex, middle, and basal part of the stem, respectively. After the switch to SD conditions, the IAA concentration gradient decreased and, at day 26, the difference in IAA concentrations between shoot apex and basal stem was lost ([Fig. 1A](#F1){ref-type="fig"}). The concentration of oxidized auxin (oxindole-3-acetic acid; referred as OxIAA hereafter) was complementary to that of IAA ([Fig. 1C](#F1){ref-type="fig"}). At day 0, the concentration of OxIAA in the shoot apex, middle stem, and basal stem was 2630, 220, and 400 pmol, respectively. As with free IAA, the concentration of OxIAA reduced over time, such that by day 26 the concentrations were 590, 280, and 0 pmol in the shoot apex, middle stem, and basal stem, respectively.

![Concentration of free IAA and OxIAA (A and C) in three different parts of the stem (apex, middle, and base) and two parts of the stolon \[subswelling region (SSR) and the stolon apical meristem (STAM)\] (B and D). Plants were grown for 9 weeks under non-inductive conditions, before a switch to inductive SD conditions. IAA and OxIAA concentrations are in pmol g^-1^ FW. Samples were harvested under LD conditions (day 0) just before switching to inductive SDs and after 5, 8, and 26 d in SD conditions (SD day 5, 8, and 26, respectively). Error bars represent the standard error of the mean of two replicated measurements.](EXBOTJ_ers132_F0001){#F1}

IAA concentrations were also measured in *in vivo* grown stolons at the same developmental stages as the above-ground tissues. IAA was measured in the STAM and the SSR ([Fig. 1B](#F1){ref-type="fig"}). Under LD conditions, the free auxin concentration in the STAM was 270 pmol g^-1^ FW. After a small initial decrease after the switch to SD conditions (day 5; 70 pmol g^-1^ FW), IAA levels increased dramatically to a maximum of 1050 pmol g^-1^ FW on day 16, at which time the first tubers were observed. On day 26 when tubers are \~1 cm in diameter, IAA concentrations were reduced to 510 pmol g^-1^ FW (day 26, [Fig. 1B](#F1){ref-type="fig"}). Interestingly, the increase in auxin concentration is not restricted to the STAM but also extends to the section behind the stolon tip (SSR) that follows a similar profile and reaches a peak in auxin concentration at day 26 (2430 pmol g^-1^ FW; [Fig. 1B](#F1){ref-type="fig"}).

Potato plants were transformed with the DR5::GUS construct to visualize the local auxin concentration. In the stolon a strong GUS staining was observed in the SSR and around the vascular tissues, clearly visible in the swelling tip ([Fig. 2A](#F2){ref-type="fig"}). In young tubers, blue staining is clearly visible around the vascular bundles and a strong staining is observed in the stolon region below the growing tuber ([Fig. 2B](#F2){ref-type="fig"}), consistent with the auxin measurements.

![Staining of DR5::GUS in transgenic stolon after 9 d in SDs (A) and in a young tuber after 20 d in SDs (B). The arrows indicate the subswelling region (SSR) and the stolon apical meristem (STAM). In (C), staining of promPINV::GUS transgenic plants in the stolon apical hook under LD conditions is shown. The GUS staining is located around the vascular tissue in the STAM, an indication of auxin transport from the site of biosynthesis in the STAM to the basal parts of the stolon. (This figure is available in colour at *JXB* online.)](EXBOTJ_ers132_F0002){#F2}

Potato plants were also transformed with a construct comprising 1.3 kbp of the regulatory sequences of a PIN gene from chromosome 5 of potato (p*StPINV*) driving the GUS reporter gene (p*PINV*::GUS construct) in order to visualize the locations of expression of the *StPINV* gene that is involved in auxin transport. In the stolon apical hook, GUS staining was observed around the vascular bundles, indicating that *StPINV* expression is strongly correlated with the DR5::GUS staining and showing auxin transport from the stolon apical meristem ([Fig. 2C](#F2){ref-type="fig"}).

IAA levels were measured in different parts of mature tubers to evaluate auxin distribution within the tuber. The tuber apex had the lowest concentrations of free IAA (110 pmol g^-1^ FW) but in similar concentration ranges to those in the perimedullary region (120 pmol g^-1^ FW) and the pith (170 pmol g^-1^ FW). The highest concentration of IAA observed in the tuber heel (240 pmol) is consistent with the GUS staining of younger tubers ([Fig 2B](#F2){ref-type="fig"}). IAA levels of whole tuber samples were \~160 pmol g^-1^ FW, significantly less than at tuber swelling (1050 pmol g^-1^ FW).

Interestingly, there were no detectable levels of OxIAA in the STAM or in the SSR at days 0 and 5. Only at day 16 was OxIAA detected (430 pmol g^-1^ FW and 220 pmol g-^1^ FW for STAM and SSR, respectively), but concentrations were lower than those found for free IAA and remained relatively stable during further tuber growth (day 26; 390 pmol g-^1^ FW and 240 pmol g^-1^ FW for STAM and SSR, respectively).

Expression of an auxin biosynthesis gene (StYUC-like1) in the potato stolon
---------------------------------------------------------------------------

In order to identify genes responsible for the increase in IAA content in the stolon prior to tuber onset, the potato orthologues of an auxin biosynthesis gene family (YUCCA) were identified using the potato genome sequence. Based on expression analysis of five *YUCCA-like* gene orthologues during the tuber development stages described by [@CIT0022]), one *YUC-like* gene (here referred to as *StYUC-like1*) gene showed a 200-fold increase at stage 2, 5 d after induction of tuberization compared with stage 8, 25 d after tuber induction ([Supplementary Fig. S1](http://www.jxb.oxfordjournals.org/lookup/suppl/doi:10.1093/jxb/ers132/-/DC1) available at *JXB* online). The expression profile of this *StYUC-like1* gene in stolon tips during tuber development was verified in *S. tuberosum* L. var. *andigena* plants used for auxin measurements, by qRT-PCR ([Fig. 3](#F3){ref-type="fig"}). A peak in the expression of *StYUC-like1* was observed already 2 d after the switch to SD conditions. After day 2, the expression levels decreased rapidly ([Fig. 3](#F3){ref-type="fig"}). At the tuber swelling stage (day 8) expression levels were almost 50-fold lower in comparison with the peak at day 2 and 10-fold less compared with non-inductive LD conditions on day 0. *StYUC-like1* expression peaks prior to visible stolon swelling, while the strong increase in IAA levels was not observed before swelling. However, it is important to note that auxin measurements were performed on plants grown in the greenhouse and required a longer period in SD conditions before stolon swelling could be observed in comparison with plants grown in the climate cell used for the tuber developmental series (day 0--8). Therefore, StYUC-like1 remains a strong candidate for involvement in the increase in local auxin concentrations in the stolon tip after the switch to SD conditions. Expression data for alternative auxin biosynthesis pathways using the publicly available RNA-seq data ([@CIT0036]) revealed that either these orthologues are poorly expressed in the case of potato *TAA* and *TAR* orthologues, or their expression in stolons and tubers does not change over time as in the case of potato *AMI1* gene orthologues (data not shown). Therefore, we concluded that alternative pathways are unlikely to play a significant role in the initiation of tuber formation.

![Relative fold expression of the *StYUC-like 1* gene, under LD conditions (day 0) and 2, 4, 6, and 8 d after a switch to SDs in a climate chamber. Error bars show the standard error of the mean of three technical repeats.](EXBOTJ_ers132_F0003){#F3}

The effects of IAA, SL, and their inhibitors on stolon axillary bud outgrowth and tuberization in vitro
-------------------------------------------------------------------------------------------------------

In standard *in vitro* tuberization, apical tubers and subsequently lateral tubers are formed on etiolated shoots/stolons in the dark due to the promoting effect of high sucrose levels. Based on the *StYUC-like1* gene expression profile and the IAA measurements in the stolon, the STAM is a likely site of auxin biosynthesis. To study the role of the STAM and auxin biosynthesis in the process of lateral tuber initiation under tuber inductive conditions, the stolon tip was removed from the *in vitro* stolon explants. As a result, the axillary buds of the stolons grew out and formed more tubers in comparison with the control ([Fig. 4A](#F4){ref-type="fig"}). When IAA was applied on the ablated stolon tips, axillary bud outgrowth and thus tuberization was suppressed ([Fig. 4B](#F4){ref-type="fig"}). Interestingly, when explants were not transferred to fresh IAA-containing media after 19 d, final tuber numbers were substantially increased ([Fig. 4B](#F4){ref-type="fig"}, IAA A). These results indicate that stolon tips are a site of auxin biosynthesis and that auxin regulates the process of axillary tuberization in a similar way to axillary shoot growth in the aerial stem.

TIBA is a widely used auxin transport inhibitor that interrupts polar transport of auxin. When TIBA was applied on the basal part of the explants, a higher number of explants formed tubers in comparison with the control ([Fig. 4C](#F4){ref-type="fig"}). Furthermore, the tubers were sessile and formed on the distal axillary buds of the stolons. Similarly, when the auxin antagonist PEO-IAA was applied on the basal part of the explants, a promoting effect on the tuberization was observed, but not as strong as with TIBA-treated explants ([Figure 4C](#F4){ref-type="fig"}). TIBA and PEO-IAA are likely to decrease the inhibitory effect of auxin, as auxin transport (TIBA) or perception (PEO-IAA) is reduced. As a result, the inhibition on stolon bud outgrowth is reduced and axillary buds are able to grow out and form tubers under inductive conditions.

To investigate a possible role for SLs in the stolon axillary bud outgrowth and initiation of lateral tuber formation, GR24, a synthetic SL analogue, was applied in the *in vitro*tuber induction system. Application of GR24 on the basal part of the stolon explants resulted in significantly fewer tubers ([Fig. 4D](#F4){ref-type="fig"}). At day 39, \<2 explants per group of 12 treated with GR24 formed tubers, in contrast to \>5 in the control plants. This result reveals a strong inhibitory effect of GR24 on stolon axillary bud outgrowth.

Root extracts of potato plants were investigated for the presence of SLs known to be present in tomato roots ([@CIT0027]). In all three potato cultivars analysed, two different SLs, namely orobanchol and orobanchyl acetate, were detected ([Fig. 5](#F5){ref-type="fig"}). Phosphate starvation using an aeroponics system increased the level of both SLs. Interestingly, the potato cultivars exhibited different levels of the two SLs in both normal and phosphate-depleted growing conditions.

![Identification of the strigolactones orobanchol and orobanchyl acetate in potato root extracts of three genotypes (Karnico, Bintje, and Andigena) under normal growth conditions (+P) and under phosphate starvation (--P). The relative concentration is calculated by the peak areas measured by LC-MS/MS analysis. Error bars represent the standard error of the mean of two replicated measurements.](EXBOTJ_ers132_F0005){#F5}

IAA transport assays
--------------------

In order to investigate the direction of movement of auxin in the stolons, the transport of ^14^C-labelled IAA in the presence or absence of the polar auxin transport inhibitor NPA (2.5 µM) was scored in stolon tips placed vertically in Hoagland medium, with their basal or apical part placed in the medium containing the ^14^C-labelled IAA. Scoring the transport of ^14^C-labelled IAA revealed that the efflux of IAA from the stolon tip is 3.5 times more compared with the influx into the stolon tip ([Fig. 6](#F6){ref-type="fig"}). This indicated that the main direction of IAA movement in the stolon tissue is from the stolon tip to the basal part of the stolon. NPA is a polar auxin transport inhibitor that acts by disturbing the localization of the PIN proteins. Application of NPA did not alter the transport of IAA into the stolon tip, but decreased the outflux of IAA to the same levels as the influx, indicating that the polar movement of IAA out of the stolon tip is mediated by the PINs, and influx in probably due to diffusion. The results of the ^14^C-labelled IAA assays verified that IAA is moving in a polar direction out of the stolon tip, a movement that is mediated by the PIN proteins.

![Fold difference in the transport of auxin out of and into the stolon tip in the absence and presence of the auxin transport inhibitor NPA. Influx of IAA into the stolon tip is set as 1. Error bars are the standard error of the mean for 10 replicates per treatment. Statistically significant differences between treatments are denoted by different letters, A or B (*t*-test, α=0.05).](EXBOTJ_ers132_F0006){#F6}

Discussion
==========

The free IAA and oxidized IAA (OxIAA) content was studied in three different parts of the stem of potato. The concentrations of free IAA in these three stem parts were 10- to 50-fold higher than the concentrations found in*Arabidopsis* ([@CIT0030]). Furthermore, a negative correlation was shown between the concentrations of free IAA and OxIAA in the same tissue. It is particularly noteworthy that in potato a gradient of IAA levels was found in the stem, with the highest concentration at the base ([Fig. 1A](#F1){ref-type="fig"}). Since the basipetal transport of auxin is well established, in potato the high IAA concentration in the basal stem at the time of harvest may indicate an auxin accumulation due to a bottleneck of transport in the lower stem. This gradient is diminished after the switch to SD conditions. Whether this is due to a reduced biosynthesis of auxin, degradation, or increased transport into other tissues such as the roots remains to be resolved.

Indeed, assessment of the concentration of free IAA in stolon tips before and in three different stages after the switch to SD conditions shows a peak of IAA concentration in the STAMs and the SSR 16 d after the induction of tuberization. Auxin is known to participate in many developmental processes, such as flower development and lateral root formation involving cell division and changes in the orientation of plane of cell division ([@CIT0029]; [@CIT0024]; [@CIT0028]). During stolon swelling, the plane of cell division also changes from transversal to longitudinal (Xu*et al*., 1998*b*). The change in cell division plane is likely to be at least partly controlled by auxin and the increase in auxin content that was noticed in these cells.

The question of whether *in planta* auxin is transported from the shoot apex into the stolons or whether auxin is synthesized autonomously by the stolon tip was answered by the finding that the auxin biosynthesis gene *StYUC-like1* increases transiently after the switch to SD conditions and by the IAA transport assays. The *StYUC-like1* gene expression appears to be highly specific for stolons ([@CIT0036]) and thus may be a causative factor in the increase in IAA concentration in the stolon tip that was noticed a few days later. The phase shift between *StYUC-like1*gene expression and auxin accumulation is consistent with the delay between expression and enzyme activity. The difference in *StYUC-like1*gene expression at day 0 and day 26 may in part be due to the dilution of cells with active transcription of this gene in tubers in comparison with the stolon tissue. However, a gradual reduction of *StYUC-like1*gene expression in the young tubers is in line with a stabilization of IAA concentration and a slow decrease during further tuber growth. The finding that the expression of genes from alternative IAA biosynthesis pathways is not tissue specific or differentially expressed during tuber development makes it unlikely that these pathways play a key role in tuberization. In addition, ^14^C-labelled IAA assays verified that the main direction of IAA movement is from the stolon tip to the basal part of the stolon. NPA application that is known to disrupt PIN protein polarity also disrupts IAA efflux from the stolon tip ([Fig. 6](#F6){ref-type="fig"}). As a result, the direction of IAA movement and the mechanism that mediates polar auxin transport in stolons and in stems appear to be similar.

The high auxin levels in the swelling stolon are confirmed by the induction of DR5::GUS ([Fig. 2](#F2){ref-type="fig"}). It is interesting to note that during further tuber development, high levels of GUS staining are maintained in the tuber heel and proximal stolon section. The p*PINV*-driven GUS staining in the apical hook indicates that auxin is transported from the STAM, being the probable site of auxin biosynthesis, towards the basal part of the stolon ([Fig. 2C](#F2){ref-type="fig"}). The high auxin levels in the stolon sections not destined to form a part of the tuber, both prior to and after tuberization, imply the need for additional factors for development and differentiation of this organ. Clearly, other hormones, sucrose, and a recently identified FT-orthologue all play essential roles in tuber induction and formation of the potato tuber ([@CIT0033]).

*In vitro* tuberization has been used extensively for studies concerning tuberization ([@CIT0047]; Hendriks*et al*., 1991; [@CIT0011]; Xu*et al*., 1998*a*, *b*) and has been shown to provide a good representation of processes occurring *in vivo*. It has the advantages of producing many tubers with temporal synchronicity. Explants in the present experimental design were grown in the dark to produce stolons that would produce tubers upon induction by high sucrose concentration. It is possible that sucrose merely provides the energy source needed to produce the tuber and the dark condition is the stimulus that induces tuber induction, or alternatively that sucrose might be the stimulus itself ([@CIT0011]). Here the use of both mechanical and chemical ablation of the stolon tip in *in vitro*potato stolons to investigate the role of auxin in the architecture of the stolon under tuber-inducing conditions is described. In addition, the ^14^C-labelled IAA assays verified that IAA is transported from the stolon tip to the basal parts of the stolon ([Fig. 6](#F6){ref-type="fig"}). When auxin transport is inhibited, through either ablation or chemical inhibition, there is a release of dormancy of axillary stolon buds and an increase in the number of tubers ([Fig. 4](#F4){ref-type="fig"}). The application of IAA on the mechanically decapitated stolon tips reduces the numbers of explants producing tubers compared with explants with decapitated stolons. This suggests that the re-establishment of polar auxin transport restores the apical dominance on the distal axillary buds.

Another major player in the control of shoot branching are the SLs ([@CIT0018]). SLs, working together with auxin, have been shown to have an inhibitory role on shoot branching ([@CIT0014]). In the present *in vitro* tuberization experiments, a synthetic SL analogue (GR24) was applied, leading to a marked inhibition of axillary stolon bud outgrowth and subsequent potato tuber formation. Whether SLs are present in stolons of *in vivo* growing plants and the role these may play in tuberization remains unclear. However, SLs were measured for the first time in potato roots and it was possible to demonstrate their presence in root extracts. Taken together, these results point to a significant role for auxin in tuber formation. Furthermore, *in vitro* tuberization experiments indicate an additional role for auxin together with SL in the regulation of stolon axillary bud growth.
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###### Supplementary Data

Supplementary data are available at *JXB*online.

[Supplementary Fig. S1](http://www.jxb.oxfordjournals.org/lookup/suppl/doi:10.1093/jxb/ers132/-/DC1). Expression analysis of five StYUC-like genes during early stages in tuber development
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